Structures with RNA polymerase activity were isolated from influenza virusinfected cells, and consisted of ribonucleoprotein (RNP) complexes, similar in morphology to the viral internal component or nucleocapsid. The isolation procedure involved fractionation of infected cells in a discontinuous sucrose gradient, in which enzyme activity was concentrated in a fraction of intermediate density which contains both smooth and rough cytoplasmic membranes. The RNPs with polymerase activity were further purified in a velocity gradient, after which the peak fractions showed a 35-fold purification of the polymerase activity when compared with cytoplasmic extracts. The NP polypeptide, which is the subunit of the virion RNP, was the only virus-specific polypeptide detected in these RNP structures.
somal fraction and was also present in the nuclear fraction in lower activity (16, 27, 28) . More recently an RNA-dependent RNA polymerase has also been identified in influenza virions (2, 9, 24, 33) , as well as in spikeless particles containing only the internal proteins of the virion (9, 33) . Analysis of the product of the virion polymerase indicated that the enzyme transcribes virion RNA into complementary RNA species, and Pons (25) (4) (5) (6) . The bulk of the poliovirus RNA polymerase activity is associated with a smooth microsomal fraction from infected cells (5, 6) . In this report we describe the distribution of polymerase activity in cytoplasmic fractions of influenza virus-infected cells. A structure with RNA polymerase has been isolated in which only the polypeptide of the viral ribonucleoprotein (RNP) is present in detectable amounts.
MATERIALS AND METHODS Virus and cells. Growth of BHK21-F and MDBK cells and propagation of the Ao/WSN strain of influenza virus in MDBK cells were carried out by described procedures (8, 17) . Radioactively labeled virus was grown as described previously (11) and purified by polyethylene glycol precipitation followed by banding in a potassium tartrate gradient (20) .
Cell fractionation. Cytoplasmic extracts were prepared from batches of about 2 X 108 MDBK cells or 6 X 108 BHK21-F cells and fractionated by equilibrium sedimentation in discontinuous sucrose gradients as described previously (6) . Fractionation of influenza virus-infected BHK 21-F and MDBK cells by this procedure is described in detail elsewhere (10) . The fractions obtained from sucrose gradients were diluted to 35 ml with reticulocyte standard buffer (RSB), pelleted at 23,000 rpm for 5 h in a Spinco SW27 rotor, and suspended in 0.1 M tris (hydroxymethyl)-aminomethane (Tris)-hydrochloride, 0.001 M MgClk (pH 7.4) for polymerase assays.
RNA polymerase assay. The reaction conditions were similar to those which Bishop et al. (2) found optimal for the WSN virion polymerase. In a total volume of 200,uliters, the reaction mixture contained 20 tmol of Tris-hydrochloride, 2 ,&mol of magnesium acetate, 0.2 jsmol of manganese chloride, 0.8 Mmol of potassium chloride, 0.25 .smol of dithiothreitol, 0.2 jumol of three unlabeled ribonucleoside triphosphates, and 0.01 to 0.05 smol of a given 3H-labeled triphosphate (specific activity, 9 to 15 Ci/mmol). Incubation was carried out at 33 C and terminated by placing 50-or 100-juliter portions on Whatman 3MM filter disks. The filter disks were plunged into ice-cold 10% trichloroacetic acid containing 0.02 M sodium pyrophosphate. After 10 min the disks were processed as previously described (4) . The filter disks were dried and counted in a liquid scintillation counter in toluene-Liquifluor (New England Nuclear Corp., Boston, Mass. Polyacrylamide gel electrophoresis. Proteins were dissociated with sodium dodecyl sulfate (SDS) and mercaptoethanol and separated by electrophoresis in 10% acrylamide, 0.27% N, N'-methylenebisacrylamide gels containing SDS as described previously (7) . Processing of gels for radioactivity was done as described by Klenk et al. (19) .
Protein determination. Protein conceintration was determined by the Lowry procedure (22) using bovine serum albumin as a standard.
Electron microscopy. Samples were applied to grids with carbon-coated Formvar films, stained with a solution of uranyl acetate, and examined in a Philips EM300 microscope.
RESULTS
Distribution of enzyme activity in cell fractions. Centrifugation of cytoplasmic extracts in discontinuous sucrose gradients as described previously (5) separates seven fractions on the basis of buoyant density: fraction 1 consists of free lipid and is discarded; fractions 2 and 3 contain smooth cytoplasmic membranes; fraction 4 contains a mixture of smooth and rough membranes; fractions 5 and 6 contain rough cytoplasmic membranes; and free ribosomes and polysomes are found in fractions 6 and 7 (6, 10) .
RNA polymerase activity in these cytoplasmic fractions of BHK21-F cells was assayed 4 h after infection with 20 to 30 plaque-forming units (PFU) per cell of the Ao/WSN strain of influenza virus (Fig. 1) . The maximum incorporation occurred in fraction 4, which contained over 60% of the total enzyme activity; the specific activity of the enzyme was also highest in this fraction. A similar distribution of activity among the fractions was observed at later times. Fig. 2 shows the time course of appearance of RNA polymerase activity in fraction 4 from influenza virus-infected BHK21-F cells. Polymerase activity was present at low levels for the first 3 h, it began to increase between 3 and 4 h, and continued to increase rapidly until 8 h. After 8 h the increase continued at a much slower rate. The low level of activity at early times may represent transcriptase activity derived from un- We also determined the distribution of RNA polymerase activity, at 7 h after inoculation with WSN virus, in the MDBK line of bovine kidney cells, which produce a high yield of infectious virus and little incomplete virus (8) . The level of RNA polymerase activity in the cytoplasmic fractions was similar to that found in BHK21-F cells. About 85% of the activity was observed in fractions 4 and 5, and the highest specific activity was found in fraction 4. Thus the association of RNA polymerase with fraction 4 appears to be a general feature in influenza virus-infected cells.
Characteristics of the RNA polymerase activity. The RNA-dependent RNA polymerase shows similar characteristics (Table 1) to the activities described in previous reports (16, 27, 28, 34) . Addition of ribonuclease prevented incorporation, whereas deoxyribonuclease (DNase) had no effect. The activity was insensitive to actinomycin D but was inhibited by deoxycholate. All four ribonucleoside triphosphates were required for optimal activity; elimination of any one unlabeled triphosphate resulted in an 80 to 95% decrease in the rate of incorporation of 3H-guanosine 5'-monophosphate (3H-GMP). There was no requirement for a nonionic detergent, which distinguishes the cytoplasmic activity from the enzyme associated with virions (9) . However, optimal enzyme activity occurs in the presence of manganese, as was found for the virion polymerase (2, 9, 24, 33); the presence of 1 mM MnCl2 in the reaction mixture increased incorporation 1.6-fold.
Isolation of a ribonucleoprotein complex with RNA polymerase activity. To isolate structures with enzymatic activity we lysed membra- nous structures in fraction 4 with NP-40 and analyzed the resulting material in a sucrose density gradient. BHK21-F cells labeled with "4C-RPH from 3 to 4 h and with 3H-uridine from 3.75 to 4 h, a distinct peak sedimenting at about 70s contained a large part of both the protein and RNA label (Fig. 3A) . In a parallel gradient from an unlabeled fraction 4 preparation, each fraction was assayed for polymerase activity. A peak containing all of the detectable activity was observed which matched the position of the ribonucleoprotein structure in the labeled gradient (Fig. 3B) . These results indicate that a ribonucleoprotein structure with RNA polymerase activity can be isolated from fraction 4 after membrane lysis and velocity centrifugation.
The specific activity of the enzyme in crude cytoplasmic extract, fraction 4, and the peak fraction from a sucrose gradient are compared in Table 2 . The component from the gradient represents about 35-fold purification compared with cytoplasmic extract.
Polypeptide composition of the structure with polymerase activity. The polypeptides associated with fraction 4 and with the isolated ribonucleoprotein complex were analyzed by polyacrylamide gel electrophoresis. In fraction 4 (Fig.  4A ), virion polypeptides P, HA, and NP are present, as well as a minor peak in the position of the nonstructural polypeptide NS (21) . In the isolated ribonucleoprotein (Fig. 4B) , a single polypeptide was observed, which corresponds to polypeptide NP, the subunit of the RNP of the virion. A low level of radioactivity is present elsewhere in the gel, particularly in the region of virion polypeptide HA1, but this was not a consistent finding, and no other discrete peaks were observed. It is of interest that the amount of P, the minor virion polypeptide of unknown function, in fraction 4 is equal to -9% of the radioactivity in NP, whereas in the purified ribonucleoprotein, the radioactivity present in the P region represents less than 0.5% of the NP radioactivity. Thus the P polypeptide appears to be removed during the isolation of the structure with polymerase activity.
Because of the low level of radioactivity in the region of HA,, a glycoprotein, we investigated the possibility that a glycoprotein was associated with the ribonucleoprotein complex. Cells were labeled from 3 to 4 h with 3H-glucosamine and 14C-RPH. When fraction 4 was treated with NP-40 and analyzed in a sucrose gradient (Fig.  5) , it was apparent that the carbohydrate label remained at the top of the gradient, whereas a peak in the 70s region was again observed with the amino acid label. Analysis by gel electrophoresis of the peak fraction (fraction 12) revealed only the NP polypeptide and no carbo- Only a low level of 3H-radioactivity was detected, and analysis by gel electrophoresis demonstrated that the 3H-label coincided with the NP polypeptide peak. Thus no evidence was obtained of a host cell polypeptide in the RNA polymerase-containing structures.
Morphology of the ribonucleoprotein with polymerase activity. The purified ribonucleoprotein from a sucrose gradient was examined by negative staining with uranyl acetate (Fig. 6) . The observed structures have the morphology characteristic of the RNP obtained from influenza virions (12, 26, 31) . The strands measure about 15 nm in diameter and vary from 50 to 110 nm in length.
Lack of association of ribonucleoproteins with membranes. Several observations indicate that the structures with polymerase activity are not associated with membranous components in the cytoplasmic extracts. If cytoplasmic extracts are treated with 1% NP-40 to lyse membranes prior to centrifugation in the discontinuous sucrose gradient, the yield and distribution of RNA polymerase activity is unaffected. In addition, membrane lysis with NP-40 does not affect the sedimentation properties of the RNP; the peak at -70s is also observed in samples which had Inot beein treated 4 of disconttinuous sucrose gradients. A o/WSN virions were labeled with uridine-5-3H and purified as described previously (20) . For isolation of RNPs, virus was treated with 0.5% Triton X-100 and 0.7% sodium deoxycholate in low-salt buffer (0.02 M Tris-hydrochloride, 0.02 M NaCl, 0.002 M EDTA, pH 7.4), extracted with ether, and analyzed on a sucrose gradient as described by Content and Duesberg (1970 (12, 26, 31) which appear to contain single RNA molecules. These observations support the view that RNA synthesis in influenza virus-infected cells is carried out in structures which each contain single RNA molecules, rather than by a subviral particle containing all of the genome RNAs. In contrast, in reovirus-infected cells the templates for synthesis of both single-stranded messenger RNA and progeny viral RNA appear to reside in subviral particles containing all the RNA species (1, 15, 32) .
In a previous study by Skehel and Burke (34) , a 70s component with RNA polymerase activity was detected in chicken embryo cells infected with fowl plague virus, and by acrylamide gel electrophoresis 3 polypeptides appeared to be present in significant amounts in this particle. A comparison of the positions of these polypeptides to a parallel gel of virion polypeptides suggests that virion polypeptides P and NP were present, as well as NS, the nonstructural polypeptide described by Lazarowitz et al. (21) . The present results demonstrate that NS is not a component of the particles with polymerase activity which we have isolated. Evidence has been obtained suggesting that the NS polypeptide is associated with ribosomes and polysomes in infected cells (10, 25) in addition to the large amounts of this polypeptide which are found in the nucleus (21) . It therefore seems likely that the NS polypeptide was observed in the 70s particles of Skehel anid Burke (34) because of the presence of ribosomes in this region of the gradient, whereas in the present study ribosomes were removed by the initial isopycnic centrifugation step in which fractions 5, 6, and 7 contain most of the ribosomes.
Only the NP polypeptide was detected in the RNP structures with polymerase activity, which suggests that the enzymatic activity may reside in this polypeptide. The previous observation (28) that RNA polymerase in influenza virusinfected cells is inhibited by small amounts of polyvinyl sulfate is also compatible with this idea, since this polyanion has been shown to dissociate influenza viral RNA from the NP polypeptides (14, 26) . In contrast, viral RNA polymerase in paramyxovirus-infected cells is not inhibited by polyanions (29) , nor is there any detectable effect of such compounds on paramyxovirus nucleocapsid structures (14) . The RNP components with RNA polymerase activity isolated from virions by Bishop et al. (3) contained the NP polypeptide as well as the minor P polypeptide which can sometimes be resolved into two bands. We could readily detect the P polypeptide in fraction 4, but it was not detectable in the purified RNP with polymerase activity, indicating that it was removed during the purification procedure. This does not rule out a possible function of P in initiation of RNA synthesis by virions, and the cell-associated structures may differ from virion RNP in that they may have already initiated RNA synthesis prior to isolation.
Antiserum to influenza virus RNP antigen does not inhibit the RNA polymerase activity from infected cells (30) , a finding which we have confirmed in preliminary experiments. One might therefore object to the conclusion that the NP polypeptide possesses the enzymatic activity. On the other hand, the results with antiserum do not support the idea that a minor protein associated with RNP is responsible for enzyme activity, either, since antibody to such components should also be present in the antiserum. It is possible that a conformational change, with resultant altered antigenicity, may take place in the NP polypeptides in the polymerase reaction. We also cannot rule out the possibility that a minor viral polypeptide component may possess the RNA polymerase activity, or that there may be an essential host cell component. There are -50 to 150 NP polypeptides per influenza virus RNP strand (12) , so that one minor polypeptide per RNP strand represents on the order of 1% of the protein, depending on its molecular weight. This may be below the level of detectability in our experiments, and final proof of the nature of the active polypeptide(s) will probably require reconstitution of activity by addition of exogenous RNA templates to solubilized components.
